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Polycrystalline ~Ga,As! grown by molecular-beam epitaxy ~MBE! is compared to polycrystalline
~Ga,As! formed by annealing amorphous ~Ga,As! also grown by MBE. Both amorphous and
polycrystalline materials were grown at 100 °C and crystallinity is controlled by the As
overpressure. As the amorphous material was annealed at varying temperatures from 300 to 500 °C
several properties of the material changed such as levels of excess As in the material, grain structure
of annealed material, strength and adhesion of crystallized layer, and conductivity of the material.
After annealing at temperatures around 400 °C, the material is specular, polycrystalline, has good
adhesion, and is very conductive. Resistivity values of less than 2 mV cm and acceptor
concentrations near 531020 cm23 were detected according to Hall/van der Pauw measurements.
Conduction is believed to be due to the large amount of excess As in the material forming an As
conduction path when the material is annealed. Material grown in a polycrystalline form by MBE
differs in both grain structure and conductivity from material crystallized from an amorphous form.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1563817#I. INTRODUCTION
Conductive polycrystalline Si is a useful material for
many processing applications. It has been used as a gate
metal for Si-based metal–oxide–semiconductor field-effect
transistors and as a layer adding process diversity in micro-
electromechanical systems applications. In the work pre-
sented here, amorphous and polycrystalline GaAs is studied
with the goal of developing a low-temperature conducting
GaAs layer that is substrate independent. Much research has
been performed studying amorphous GaAs @a-~Ga,As!#.1–10
In addition, many groups have demonstrated changes in crys-
tallinity of this material upon annealing.11–14 However, most
of this research is centered on high-temperature ~.600 °C!
annealing of a-~Ga,As! to single crystal form. Little attention
has been given to the annealing of a-~Ga,As! to polycrystal-
line form. Yang et al.15 performed a very thorough study of
the electrical properties of GaAs grown in a polycrystalline
form. They reported experimentally and theoretically how
conductivity is limited by the presence of grain boundaries in
both Zn- and Se-doped materials. In comparison, a wide
range of research has been performed studying polycrystal-
line and amorphous Si, however the presence of two ele-
ments and the factor of stoichiometry make the study of
GaAs much more difficult.
Tadayon et al.12–14 have reported in detail the growth
and crystallization of a-~Ga,As! over a series of publications.
a-~Ga,As! was achieved with growth temperatures of less
than 215 °C. They indicated the material had a gold tint un-
der white light. They annealed the amorphous material at
temperatures ranging from 550 to 850 °C. Annealing at
550 °C resulted in polycrystalline material whereas anneals
a!Electronic mail: k-hsieh@uiuc.edu5330021-8979/2003/93(9)/5331/6/$20.00
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPof 775 °C and 850 °C gave single crystal material. This
single crystal material was found to be doped highly
(1018 cm23), n type even though there was no intentional
doping. The doping was attributed to AsGa antisite donors.
Stoichiometry of the as-grown and annealed material was not
reported.
Several groups have also studied material described as
low temperature or low-temperature grown GaAs.16–18 The
material is single crystal and grown by molecular-beam epi-
taxy ~MBE! at temperatures between about 200 and 300 °C.
Under these growth conditions, a small amount of excess As
of about 1 or 2 at. % is present. With growth temperatures of
about 200 °C, this material has a large amount of AsGa anti-
site doping (531018 cm23) and a lattice constant enlarged
0.1%. When annealed at temperatures near 600 °C, rhombo-
hedral As clusters form and lattice enlargement and antisite
defects are no longer present. The material is also found to
be highly resistive in this case.16 Some attribute the high
resistance to Schottky barriers formed between the As crys-
tallites and surrounding GaAs depleting that material.17
In the work presented here, MBE-grown polycrystalline
~Ga,As! and the annealing of MBE-grown a-~Ga,As! to
polycrystalline form are examined. Samples are first grown
in either amorphous or polycrystalline form. Then, amor-
phous samples are annealed at temperatures ranging from
300 to 500 °C in order to form polycrystalline-~Ga,As!, and
differences in these crystals are investigated.
II. EXPERIMENTS
The amorphous and polycrystalline ~Ga,As! materials
were grown by solid-source MBE on semi-insulating ~100!
GaAs substrates. The GaAs substrates were epiready and
there was no additional surface cleaning before loading into1 © 2003 American Institute of Physics
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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desorbed at ;600 °C to remove the surface oxide before a
1000 Å GaAs buffer layer was grown to planarize the sur-
face. After growing the buffer layer, the sample was moved
to the transfer chamber to cool under a pressure #1029 Torr.
After a finite time ~.1 h!, the sample was transferred back to
the growth chamber for the growth of low-temperature ma-
terial at 100 °C. For low-temperature materials, the equiva-
lent group-III atom flux was calibrated by reflection high-
energy electron diffraction ~RHEED! intensity oscillation at
normal ~;600 °C! growth temperatures and was fixed at an
equivalent growth rate of 0.5 monolayer/s. The amorphous
material growth was characterized by a featureless RHEED
pattern, while a faint ring structure was seen in the RHEED
pattern of the polycrystalline material growth.
For low-temperature grown materials, the microstruc-
tures and V/III incorporation ration within the materials can
be changed by adjusting the group-V flux against a fixed
group-III growth rate.8,19 The microstructure of low-
temperature GaAs is dependent on the As flux with amor-
phous material forming at higher flux levels and polycrystal-
line material forming at lower flux levels. In this study,
a-~Ga,As! of various thicknesses and 1 mm polycrystalline-
GaAs were grown at 100 °C on semi-insulating GaAs sub-
strates with As overpressures of 131026 and 3.331027
Torr, respectively.
Amorphous samples were annealed in a custom-built an-
nealing chamber modeled in Fig. 1. The system is capable of
being pumped down to the single digit mTorr range. N2 and
H2 can be flowed into the system through a micrometer
valve. By adjustment of the micrometer valve, a pump/purge
continuum can be used to establish either a N2 or H2 ambient
stabilized at any pressure between 100 mTorr and atmo-
sphere. In addition, N2 can be flowed through the system to
exhaust. Samples are heated with a graphite heater powered
by a standard power supply. The temperature is measured
with a thermocouple in contact with the heating element con-
trolled by a Eurotherm temperature controller. The tempera-
FIG. 1. Chamber used for annealing of a-~Ga,As! to a polycrystalline form.
For these experiments, the chamber was first pumped to 100 mTorr, then
filled with N2 to an atmospheric pressure, and finally closed off to any
further gas flow before the start of the temperature cycle.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPture controller also controls the power supply so that tem-
perature cycles can be programmed.
Examination of the samples included x-ray diffraction
measurements, scanning electron microscopy ~SEM! analy-
sis with energy dispersive x-ray spectroscopy ~EDX!, Hall/
van der Pauw measurement, transmission electron micros-
copy ~TEM!, and Nomarski microscopy. X-ray diffraction in
2-theta/omega mode was used to determine if samples were
polycrystalline by the presence of multiple peaks as the x-ray
incident angle is adjusted. Samples were measured over a
range of 2-theta from 15° to 95°, which includes peaks of
several GaAs diffractions. This range also includes a major-
ity of peaks present from crystalline As so it is effective in
measuring the presence of both materials. Relative composi-
tions of As and Ga levels in samples under SEM could be
measured with EDX. The volume of material covered in the
EDX measurement is estimated to be 1 mm3. Samples grown
in a polycrystalline form were examined ‘‘as-grown’’ and
will be referred to in this work as ‘‘as-grown polycrystal-
line.’’ Amorphous samples were annealed for various times
up to 2 h at temperatures ranging from 300 to 500 °C. Ramp
up rates were 10 °C/min up to 300 °C and 20 °C/min there-
after. The ramp down rate was 8 °C/min. These ramp rates
were arbitrarily chosen to decrease thermal shock to both the
samples and the system.
All anneals were done in an atmospheric N2 ambient by
first pumping the system down to 100 mTorr, and then purg-
ing the chamber with N2 to an atmospheric pressure before
closing off the system to any further gas flow. Once this
ambient was established, the temperature cycle was initiated.
III. RESULTS
An initial experiment was performed in which samples
containing an epilayer of 1 mm a-~Ga,As! were each an-
nealed at a temperature from 300 to 500 °C in 50 °C incre-
ments for a period of 2 h. All samples were first tested with
x-ray diffractometry to measure crystallinity. The as-grown
polycrystalline sample had multiple GaAs peaks diffracted
within the range tested. In contrast, a sample containing only
an amorphous grown layer displayed only substrate peaks
under x-ray diffraction. However, when this sample was an-
nealed at 300 °C, multiple peaks were again observed. The
x-ray diffraction of this sample can be seen as Fig. 2~a!.
Although the intensities of different diffractions were some-
what weak, it is still indicative that the film had become at
least partly polycrystalline.
Other pieces of the as-grown amorphous sample were
annealed at temperatures up to 500 °C. Samples annealed
from 300 to 400 °C maintained a mostly mirror finish. Nor-
marski micrographs of the samples annealed at 350 and
400 °C had certain dark spots usually on the order of a few
micrometers in diameter. These spots took up a small per-
centage of the sample and will be discussed in more detail
later in this section. The two samples annealed at 450 and
500 °C were very different. The surface appeared to be very
dark and the film was clearly weak. The layer detached from
the substrate very easily. Tape is used to mount samples for license or copyright; see http://jap.aip.org/about/rights_and_permissions
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a-~Ga,As! annealed at ~a! 300, ~b!
400, and ~c! 500 °C for 2 h. Diffrac-
tion peaks of many different GaAs and
As crystal planes are seen. The two
largest peaks are from the underlying
~100! GaAs substrate.x-ray measurement and the epilayer of these last two samples
clearly peeled off with the tape.
The sample annealed at 350 °C appeared very similar
according to x-ray diffraction to that annealed at 300 °C
despite the presence of a few discolored spots. However, the
sample annealed at 400°C was greatly different. X-ray dif-
fraction of this sample had shown more noticeable GaAs
peaks of higher intensity as seen in Fig. 2~b!. Also present
were many As peaks indicating that As was segregated and
formed individual rhombohedral As crystallites. The samples
annealed at 450 and 500 °C were again very similar. The
x-ray diffraction for the 500 °C anneal is shown as Fig. 2~c!.
Most of the GaAs crystal peaks present in Fig. 2~b! became
hardly noticeable and the As crystal peaks are almost com-
pletely gone. This loss of intensity may be due to As loss
from the material before GaAs grains form. The location of
all peaks are taken from the International Centre for Diffrac-
tion Data.20
Samples were examined using SEM and EDX to inves-
tigate the surface of the samples and get relative composi-
tions of Ga and As. As-grown polycrystalline material con-
tained a slight amount of excess As, less than 2%. As-grown
amorphous samples however, had a large amount of excess
As. The amorphous layer appeared in the EDX to have a
Ga0.32As0.68 composition. Samples annealed at temperatures
from 300 to 400 °C seemed to maintain this level of compo-
sition. However, when the sample was annealed at 450 °C,
the amount of excess As began to drop. When annealed at
450 °C, the material became almost perfectly stoichiometric
and when annealed at 500 °C, the level of As had dropped so
much that the layer became approximately Ga0.7As0.3. NoteDownloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPthat the epilayer of these two samples was extremely weak
after the anneal indicating that the lowering of As also low-
ers the structural integrity of the layer.
Hall/van der Pauw measurements were performed on all
samples listed. For these measurements, samples were
cleaved to approximately 0.5 cm2. Ohmic contacts were
formed by soldering In-based contacts to the four corners.
The as-grown polycrystalline material had a resistivity of
43.9 V cm. The as-grown amorphous material and amor-
phous material annealed at 300 °C for 2 h were too resistive
for an effective measurement to be taken. The amorphous
sample annealed at 350 °C had a resistivity of 0.494 V cm.
Samples annealed at 450 and 500 °C were too cracked and
damaged and no conduction could be measured. When an-
nealed at 400 °C, samples were found to be extremely con-
ductive. Resistivities were found to be less than 2 mV cm
and doping was p type at a level of ;4.731020 cm23. A
model for the extremely high conductance of this material
will be discussed in the next section.
The size and structure of the polycrystalline grains were
examined by TEM. The as-grown polycrystalline grains were
long and columnar as seen in Fig. 3~a!. This type of grain
structure is common in undoped, as-grown polycrystalline
Si.21 When as-grown a-~Ga,As! samples are annealed,
spherical crystal grains form uniformly throughout the layer.
After annealing at 300 °C, small grains are scattered
throughout the amorphous material. As the annealing tem-
perature is increased, density and grain size increase as well.
After a 400 °C anneal, grains are mostly close packed within
the originally amorphous layer and grain sizes are roughly
300 to 400 Å in diameter. A TEM image of an as-grown license or copyright; see http://jap.aip.org/about/rights_and_permissions
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The grains are generally spherical and uniform. Samples an-
nealed at 450 and 500 °C were too weak to withstand prepa-
ration for TEM measurement.
Results of the experiments just described are summa-
rized in Table I. As-grown polycrystalline-~Ga,As! was near
stoichiometric, consisted on only columnar GaAs grains, and
was resistive. Annealed a-~Ga,As! had different properties.
Samples annealed from 300 to 400 °C maintained the same
level of excess As as was seen in the unannealed sample.
However, the sample annealed at 400 °C contained both As
grains as well as GaAs grains as seen under x-ray diffrac-
tometry. This indicates that excess As probably maintained
an amorphous form when annealed at temperatures up to
350 °C but began forming into crystalline grains at higher
temperatures. When annealed at 450 and 500 °C, the amount
FIG. 3. TEM images of ~a! as-grown polycrystalline and ~b! polycrystalline
annealed from an amorphous form at 400 °C for 2 h. The as-grown poly-
crystalline material is made up of columnar grains whereas the annealed
sample is made up of round close-packed grains.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPof As in the sample decreased with temperature through sub-
limation. As a result, the material is left weak and cracked
with poor adhesion. This may be attributed to a large change
in volume when As diffuses out of the sample.
Once it was established that annealing at 400 °C resulted
in a highly conductive material, further experiments were
carried out to examine the necessary duration of annealing to
establish these properties in the material. A series of samples
identical to those in the experiment herein were individually
annealed for various times of 0, 15, 30, 60, and 120 min at
400 °C. The sample annealed for 0 min was simply ramped
up to 400 °C and immediately ramped down. The results of
this experiment are shown in Fig. 4. The resistivity drops by
approximately one-half as the annealing duration is increased
for up to 2 h. However, the material is still extremely con-
ductive for all durations tested.
With this data in mind, experiments were then performed
to anneal a-~Ga,As! at temperatures from 350 to 450 °C in
increments of 12.5 °C for short durations of 15 min. Figure 5
gives the resistivity of these materials with respect to tem-
perature. It can be seen that the material is fairly resistive
after low-temperature anneals but becomes more conductive
as the annealing temperature is raised. At an annealing tem-
perature of about 375 °C, the resistivity begins to saturate
and minimal further improvement in resistivity is seen at
temperatures of 387.5 °C and above. When annealed at
450 °C, the material slowly begins to become more resistive
again. An EDX measurement of this sample indicates that
the As level drops by about 5%. However, this sample has
not yet lost its structural integrity and is still specular. These
data in addition to that seen at the same temperature for a 2
h anneal indicate that at sufficiently high temperatures, more
As will leave the material with time.
FIG. 4. Effect of annealing time on resistivity. Annealed samples consisted
of 1 mm a-~Ga,As! and anneals were performed at 400 °C. Sample annealed
for 0 time was simply ramped to 400 °C and immediately ramped down to
room temperature. Anneal duration does not seem to have a great effect on
resistivity.TABLE I. Summary of results from annealing a-~Ga,As! at different temperatures, compared to as-grown polycrystalline-~Ga,As!.
Material Poly-GaAs a-~Ga,As! a-~Ga,As! a-~Ga,As! a-~Ga,As! a-~Ga,As!
Annealing None 300 °C, 2 h 350 °C, 2 h 400 °C, 2 h 450 °C, 2 h 500 °C, 2 h
condition
Strength Good Good Good Good Weak Weak
X-ray peaks GaAs only GaAs only GaAs only GaAs, As GaAs, little As GaAs only
Composition ;Ga0.5As0.5 Ga0.32As.68 Ga0.32As0.68 Ga0.32As0.68 ;Ga0.5As0.5 ;Ga0.7As0.3 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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samples with a-~Ga,As! thicknesses of 2000 Å and 6000 Å
as well and the results are included in Fig. 5. All three ma-
terials approach a saturation value for the resistivity at
;400 °C and maintain an essentially constant value despite
higher-temperature anneals. However, these materials ap-
peared to be more sensitive to temperature than the 1 mm
thick material. The 6000 Å material became discolored and
semi-insulating when annealed at 450 °C and the 2000 Å
material had the same result of discoloring and high resistiv-
ity at lower anneal temperatures down to 425 °C. This
clearly shows a relationship between material thickness and
the maximum temperature for which the material can be an-
nealed in order to become conductive and remain specular.
To demonstrate this further, another sample with just a 500 Å
epilayer was annealed, however, this material became discol-
ored and was nonconductive at all anneal temperatures at-
tempted, which ranged down to 350 °C.
As mentioned earlier, for samples annealed at tempera-
tures at and above 350 °C, some dark spots were visible
under a microscope. In contrast, the surface of the as-grown
polycrystal sample was very clear of any such defects under
SEM. EDX on these spots indicates that these are areas in
which the As level is lower then the surrounding area. In
many cases, these spots may be in fact Ga rich with compo-
sitions as high as Ga0.8As0.2. These As-depleted spots appear
to increase in size and density as either annealing time or
temperature is increased. However, the formation of these
spots appears to be more sensitive to the duration of the
anneal. Figure 6 contains Nomarski photographs of spot for-
mation for 1 mm of a-~Ga,As! after various anneals. Again,
Fig. 6~b! represents a sample that was simply heated to
400 °C and immediately ramped down with zero duration of
annealing at 400 °C. At longer anneal times of 1 h and 2 h as
seen in Figs. 6~e! and 6~f!, some spots grow to be very large
and are even noticeable without the use of a microscope.
However, it is unlikely that the conduction witnessed is from
the As-depleted areas themselves, since the spots are gener-
ally not connected and conduction has been seen in samples
with little or no spot formation.
FIG. 5. Resistivity vs annealing temperature for samples of thicknesses of
200 nm, 600 nm, and 1000 nm. The resistivity is found to be slightly lower
in samples with thinner layers of a-~Ga,As!. The 200 nm material is no
longer conductive after annealing at 425 °C and the 600 nm material has the
same property after annealing at 450 °C. This indicates that the thickness of
the material affects the maximum temperature for which the material can be
annealed to become conductive.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPIV. DISCUSSIONS
The a-~Ga,As! used for this study has an extremely large
amount of excess As and this As is likely to be the cause of
the high conduction witnessed in this material upon anneal-
ing. Two possible models of conduction are considered. One
model is that of conduction across GaAs grains. Barriers of
conduction will exist along grain boundaries, but if the GaAs
regions are not greatly depleted and the doping within the
GaAs grains is very high, tunneling through the thin barriers
may be possible. Theoretical p-type doping in the GaAs
grains is possible with Ga vacancies (VGa) and As intersti-
tials (Asi). The presence of such defects may be noticeable
by changes in the lattice constant. The lattice constant of
polycrystalline grains can be measured by x-ray diffractom-
etry.
In this experiment, x-ray diffraction was measured on a
sample annealed at 400 °C for 15 min. After optimizing the
diffraction settings, a measurement was taken to find the ex-
act location of the substrate peak. These data were used to
calculate the exact lattice constant of the @100# GaAs sub-
strate. Next, a measurement was taken for an angle range in
the vicinity of the @111# diffraction peak. This gave a diffrac-
tion peak for all grains in the @111# orientation. These data
were then used to calculate the lattice constant of the @111#
grains. A slight lattice enlargement was seen for these grains
~0.067%! as compared to the substrate lattice constant. This
is likely due to incorporation of excess As into the grains.
VGa defects act as deep-level acceptors (Ev1;0.3eV!
~Ref. 22! and should result in lattice shrinkage rather then
enlargement so it is not likely that this is the cause of the
conduction demonstrated. The presence of As interstitials
FIG. 6. Nomarski images of 1 mm a-~Ga,As! with ~a! no anneal and ~b! 0
time, ~c! 15 min, ~d! 30 min, ~e! 1 h, and ~f! 2 h anneals at 400 °C. Small
spots on the surface were found to be As-depleted by EDX. Spots increase
in density and size as the annealing duration is increased. license or copyright; see http://jap.aip.org/about/rights_and_permissions
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antisites (AsGa), however, the lattice enlargement measured
herein is less than that reported by other groups for nonsto-
ichiometric single crystal GaAs with AsGa defects.18 Earlier
reports of nonstoichiometric GaAs have shown that excess
As will preferentially lead to AsGa defects which act as deep-
level donors.23 Therefore, the most likely scenario is that the
lattice enlargement that has been measured is due to AsGa
defects and that the GaAs grains are n type. In addition, the
conductivity measured is similar to what is expected for
single crystal material given the same doping conditions.
However, other groups have demonstrated that polycrystal-
line material will have a much higher resistivity than equiva-
lent single crystal material.15 Taking these factors into con-
sideration, it appears the high conduction demonstrated is not
due to conduction across the GaAs grains.
Another conduction model consists of conduction
through the excess As between the GaAs grains. Rhombohe-
dral As was very clearly identified by x-ray diffraction. Ar-
senic in this form is a semimetal that is p type in nature with
a natural hole concentration of approximately 1.4
31021 cm23 and has a conductivity of 33.3 mV cm at
20 °C.24–26 It can be assumed that when GaAs grains form
they are near stoichiometric thus leaving behind As. As more
GaAs grains form or as grains grow larger, the leftover ma-
terial will become increasingly pure As and form a network
of conduction around the GaAs grains that are not com-
pletely close packed. The measured resistivity of the layer
will be much higher than that of pure bulk As because of the
very narrow As conduction path surrounding dispersed GaAs
grains and the presence of grain boundaries in the polycrys-
talline As network itself. Eventually, all the Ga will be used
up by the formation of GaAs grains. After the As network
and the GaAs grains are fully formed, the material will have
little change in structure until it is heated to a temperature at
which As starts to diffuse out of the sample. Once the As loss
occurs, the As network falters and the material begins to fall
apart due to the large volume change. The remaining mate-
rial is cracked, weak, and nonconductive.
V. CONCLUSIONS
a-~Ga,As! was grown and annealed under various con-
ditions at temperatures ranging from 300 to 500 °C in a
closed system under an atmospheric pressure of N2. The
original composition of the a-~Ga,As! layer was
Ga0.32As0.68. When this material is annealed at temperatures
above 300 °C, the material appears to be polycrystalline. A
variety of annealing conditions have been demonstrated in
which this material becomes highly conductive upon anneal-
ing. These conditions include a minimum annealing tempera-
ture of about 388 °C and appear to be relatively time inde-
pendent. However, at temperatures of 450 °C and higher, it
appears As will begin to diffuse out of the sample. With the
As loss, the material becomes highly resistive and begins toDownloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPfall apart due to volume loss. The conduction of material
annealed at temperatures in the vicinity of 400 °C is believed
to be the result of excess As acting as a semimetal forming a
continuous network between GaAs grains.
ACKNOWLEDGMENTS
The authors would like to thank the staff at the Materials
Research Laboratory and Mauro Sardela for technical assis-
tance. The x-ray spectroscopy and SEM/EDX were carried
out in the Center for Microanalysis of Materials, University
of Illinois, which is supported by the U.S. Department of
Energy under Grant No. DEFG02-91-ER45439. This work is
supported by DARPA under Grant No. MDA972-00-1-0020.
1 W. Eckenbach, W. Fuhs, and J. Stuke, J. Non-Cryst. Solids 5, 264 ~1971!.
2 J. Stuke and G. Zimmerer, Phys. Status Solidi B 49, 513 ~1972!.
3 B. Kramer, K. Maschke, and P. Thomas, Phys. Status Solidi B 49, 525
~1972!.
4 W. Prettl, N. J. Shevchik, and M. Cardona, Phys. Status Solidi B 59, 241
~1973!.
5 N. J. Shevchik and W. Paul, J. Non-Cryst. Solids 13, 1 ~1973!.
6 N. J. Shevchik, J. Tegeda, and M. Cardona, Phys. Rev. B 9, 2627 ~1974!.
7 J. A. Del Cueto and N. J. Shevchik, J. Phys. C 11, L829 ~1978!.
8 N. Matsumoto and K. Kumabe, Jpn. J. Appl. Phys., Part 1 19, 1583
~1980!.
9 S. Yokoyama, D. Yui, H. Tankgawa, H. Takasugi, and M. Kawabe, J. Appl.
Phys. 62, 1808 ~1987!.
10 B. Tadayon, M. Fatemi, S. Tadayon, F. Moore, and H. Diethich, J. Vac.
Sci. Technol. B 10, 1074 ~1992!.
11 K. Yoshino, K. Murakami, S. Yokoyama, and K. Masuda, Appl. Phys.
Lett. 54, 2562 ~1989!.
12 M. E. Twigg, M. Fatemi, and B. Tadayon, Appl. Phys. Lett. 63, 320
~1993!.
13 A. Giordana, O. J. Glembocki, E. R. Glaser, D. K. Gaskill, C. S. Kyono,
M. E. Twigg, M. Fatemi, B. Tadayon, and S. Tadayon, J. Electron. Mater.
22, 1391 ~1993!.
14 B. Tadayon, M. E. Twigg, M. Fatemi, M. Y. Frankel, A. Giordana, and D.
S. Katzer, J. Electron. Mater. 24, 1753 ~1995!.
15 J. J. J. Yang, P. D. Dapkus, R. D. Dupuis, and R. D. Yingling, J. Appl.
Phys. 51, 3794 ~1980!.
16 F. W. Smith, A. R. Calawa, C. L. Chen, M. J. Mantra, and I. J. Mahoney,
IEEE Electron Device Lett. 9, 77 ~1988!.
17 A. C. Warren, J. M. Woodall, J. L. Freeouf, D. Grischkowsky, D. T. McIn-
turff, M. R. Melloch, and N. Otsuka, Appl. Phys. Lett. 57, 1331 ~1990!.
18 M. Kaminska, Z. Liliental-Weber, E. R. Weber, T. George, J. B. Kortright,
F. W. Smith, B. Y. Tsaur, and A. R. Calawa, Appl. Phys. Lett. 54, 1881
~1989!.
19 D. E. Wohlert, H. C. Lin, K. L. Chang, G. W. Pickrell, J. H. Epple, K. C.
Hsieh, and K. Y. Cheng, Appl. Phys. Lett. 75, 1371 ~1999!.
20 JCPDS Powder Diffraction File, International Centre for Diffraction Data
~1994!.
21 Polycrystalline and Amorphous Thin Films and Devices, edited by L. L.
Kazmerski ~Academic, New York, 1980!, p.85.
22 M. Kaminska, E. R. Weber, Z. Liliental-Weber, R. Leon, and Z. U. Rek, J.
Vac. Sci. Technol. B 7, 710 ~1989!.
23 E. R. Weber, H. Ennen, U. Kaufmann, J. Windscheif, J. Schneider, and T.
Wosinski, J. Appl. Phys. 53, 6140 ~1982!.
24 D. R. Lovett, Semimetals and Narrow-band gap Semiconductors ~Pion
Limited, London, 1977!.
25 C. Kittel, Introduction to Solid State Physics ~Wiley, Singapore, 1986!, pp.
148–151.
26 Handbook of Chemistry and Physics, edited by R. C. Weast, 55th Ed.
~CRC Press, Cleveland, 1974!. license or copyright; see http://jap.aip.org/about/rights_and_permissions
